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Abstract. The Large Hadron Collider LHC is a top quark factory: due to its high design luminosity, LHC will produce
about 200 millions of top quarks per year of operation. The large amount of data will allow to study with great precision the
properties of the top quark, most notably cross-section, mass and spin. The Top Physics Working Group has been set up at
the ATLAS experiment, to evaluate the precision reach of physics measurements in the top sector, and to study the systematic
effects of the ATLAS detector on such measurements. This reports give an overview of the main activities of the ATLAS Top
Physics Working Group in 2004.
OVERVIEW OF THE TOP QUARK
The top quark is the fermion with the largest mass in the
Standard Model. In the Higgs mechanisms, this means
that the top quark has a large coupling strength with the
Higgs boson. This property can be exploited to constrain
the expected mass of the Higgs boson. A NLO calcula-
tion of the mass of the W boson contains corrections term
dependent on the top mass and the Higgs mass. By accu-
rately measuring MW and mt , it is possible to obtain an
estimate for the MH . Recent Tevatron measurements for
the top mass of 178.0±4.3 GeV result in a Higgs mass
prediction of 126+73−48 GeV.
The achievement of a high top mass resolution is
instrumental for a precise prediction of MH .
Production processes
Top quarks are produced at LHC by two types of
processes: QCD and Electroweak production. In QCD
production, top quarks are created in t ¯t pairs via the
processes qq¯ → t ¯t and gg → t ¯t. The combined NLO
cross-section for these two processes is ∼825 pb; 90%
of the contribution comes from the gluon-gluon fusion
process, the remaining 10% comes from quark-antiquark
annihilation.
Electroweak production is composed of three chan-
nels: the s-channel, the t-channel (also referred as W -
gluon fusion) and associated Wt production. The three
processes have cross sections of 11 pb, 60 pb, and 247 pb
respectively.The cross-section for EW processes is di-
rectly proportional to the CKM matrix element Vtb: a
deviation from the SM prediction may point to the ex-
istence of a fourth quark generation.
Experimental signatures
In the Standard Model, the top quark decays predom-
inantly into a W and a b-quark with a branching ratio of
0.998. Because of fermion universality in electroweak in-
teractions, the W boson decays 1/3 of the time into a lep-
ton/neutrino pair and 2/3 of the time into a qq¯ pair. Since
in t ¯t events two real W bosons are present, the signatures
of the events are classified according to the decays of the
two W bosons:
all jets channel In this channel both W s decay into a
quark/anti-quark pair. The event has at least six
high-pT jets, two of which have to be b-tagged.
Despite having the highest branching ratio (44%),
this decay channel suffers heavily from QCD back-
ground and ambiguities in the assignment of jets to
the originating W s.
lepton+jets channel In this decay channel one W de-
cays into a lepton–neutrino pair, the other W into
a quark/anti-quark pair. Thus, the top and anti-top
quarks are called “leptonic” or “hadronic” accord-
ingly with the decay mode of their daughter W . The
event signature is characterised by one isolated lep-
ton one b-jet and missing ET in the leptonic branch,
two light jets and one b-jet in the hadronic branch.
The branching ratio for this channel is about 30%.
di-lepton channel In this decay channel, both W s decay
into a lepton–neutrino pair. For practical purposes,
only e,µ are considered, since τ decays are diffi-
cult to distinguish from the QCD background. The
events have two high-pT leptons, two jets (at least
one of which is b-tagged) and missing energy due to
the neutrinos. This signature is quite clear, being af-
fected mainly by electroweak background. The only
drawback of this decay channel is its low branching
ratio (5%).
The lifetime of the top quark is much shorter than
the time constant for spin-flip via gluon emission. Thus,
decay products retain the spin information of the original
top quark. By measuring the spin of the decay products, it
is possible to verify the V −A coupling of the Wtb vertex
or discover a non-SM right-handed coupling.
MASS MEASUREMENTS
The lepton+jets t ¯t channel is the most promising for
top mass measurement; however the channel is affected
by combinatorial background. The assignment of the
two b-jets to the hadronic and leptonic branches is not
unique, and can spoil the resolution of the top mass
measurement.
A study was performed to evaluate the best strategy
for the assignment of b-jets. The study was performed
on a MC sample of 200,000 t ¯t events with full detector
simulation. The selection cuts required at least 4 Jets of
pT >20 GeV and |η |<2.5, EmissT >20 GeV and only one
isolated lepton of pT >20 GeV. In addition, two b-tagged
jets were required with varying pT thresholds.
The assignment algorithm proceeded as follows: the
hadronic branch is assigned to the b-jet with the mini-
mum distance ∆R from the hadronic W , while the lep-
tonic branch is assigned to the b-jet with the minimum
azimuthal angle φ from the leptonic W . If the algo-
rithm produces conflicting assignment, then the algo-
rithm chooses the basis of another variable: the maxi-
mum ∆R between the b-jet and the lepton, the combi-
nation that maximizes pT (Tophad)+ pT (Toplep) or the
combination that minimizes φ(bi,Wlep) + φ(b j,Whad or
one of the two angles φ(bi,Wlep), φ(b j ,Whad).
For each of the variables used in the assignment algo-
rithm, the purity of the assignment was computed. The
purity varies according to the cut on the minimum pT of
the b-jets: the higher the threshold, the better the purity
achieved (Figure 1). On the other hand, a high thresh-
old biases the mass of the reconstructed top quark to-
wards higher value. The best compromise is to choose
a pT threshold for b-jets of 40 GeV, which results in an
assignment purity of 70-80%.
SPIN CORRELATIONS
Top/anti-top quark pairs produced in QCD processes
are not polarized; however, the top and anti-top spins
FIGURE 1. Purity in the W − b assignment for various as-
signment methods over varying pT threshold for the b-jets.
are correlated. For QCD processes close to production
threshold, the t ¯t system is prodeuced in a 3S1 state for
qq¯ annihilation, or in a 1S0 state for gluon-gluon fusion.
Hence, in the first case the top and the anti-top have
parallel spins, while in the second case the spins are
antiparallel. Since at LHC the gluon-fusion process has
a much larger cross-section than qq¯ annihilation, NLO
calculations predict an excess of top pairs with opposite
spins. The spin of the quarks can be evaluated in the
helicity basis, which corresponds to the top (anti-top)
direction of flight in the t ¯t system. In this basis, the
asymmetry parameter — that expresses the excess of
same-helicity pairs — is given by:
A =
σ(tL¯tL)+σ(tR¯tR)−σ(tL¯tR)−σ(tR¯tL)
σ(tL¯tL)+σ(tR¯tR)+σ(tL¯tR)+σ(tR¯tL)
= 0.326+0.003−0.002
(
µr, f
)+0.013
−0.001 (PDF)
For t ¯t pairs produced with total invariant mass much
larger than production threshold, the asymmetry is di-
luted because of the presence of higher spin t ¯t pairs.
Hence it is useful to introduce a cut in the total invariant
mass mt ¯t < 550 GeV to maximize the power of the ex-
perimental analysis. A significant deviation of the mea-
sured asymmetry parameter from the theoretical value
may point to non-SM physics, such as right-handed weak
interactions.
The asymmetry can be evaluated by studing the angu-
lar distributions of the top and anti-top decay products
(spin analyzers):
1
N
d2N
d cosθ1d cosθ2
=
1
4
(1−C cosθ1 cosθ2)
1
N
dN
d cosφ =
1
2
(1−Dcosφ)
where θ1 (θ2) indicates the the angle between the
decay product of t (¯t) in the t (¯t) rest frame and the t
(¯t) direction in the t ¯t frame, while φ indicates the angle
between the decay products of t and ¯t in the respective
rest frames [3].
The parameters C and D are the spin correlation vari-
ables, which can be evaluated using the following unbi-
ased estimators:
C = −9〈cosθ1 cosθ2〉
D = −3〈cosφ〉
The spin correlation parameters have been measured
on MonteCarlo data in the dileptonic and the lepton+jets
decay channels. For the dileptonic channel, the natural
choice for spin analyzers is the two leptons from the de-
cay of the W s, since leptons are 100% polarized with re-
spect to the top spin. In the lepton+jets channel, the best
choice for spin analyzers would be a lepton and a d-type
quark, since d have 100% polarization as well. However,
since it is experimentally impossible to distinguish be-
tween light quark flavours, the second spin analyzer is
the least energetic jet in the t (¯t) rest frame, which is po-
larised at 51%.
The t ¯t sample was created using the event genera-
tor TopReX 4.05 [4] in combination with the hadroni-
sation software Pythia 6.2 [5] and the fast detector simu-
lation ATLFAST [6]. The background sample included
t ¯t events decaying to all-hadrons and τ+jets, W+jets,
Z+jets, Wb¯b, ZZ, WW , WZ and single top production.
The total generated sample corresponds to 10 fb−1, or
one year at LHC at low luminosity; the sample was gen-
erated with varying production parameters to study the
systematic effects of:
• Q-scales;
• Parton Distribution Functions;
• Initial and Final State Radiation;
• b-fragmentation and hadronisation scheme;
• b-tagging and b-jet calibration;
• generated top mass.
The results of the spin correlation measurements in the
two channels are summarised in Table 1; the spin corre-
lation parameter D resulted more suitable for measure-
ments, since it is less sensitive to systematic effects.
DETECTOR COMMISSIONING
STUDIES
The top pair production process is valuable for the in-
situ calibration of ATLAS in the detector commissioning
stage: the large cross section and the large S/B ratio for
TABLE 1. Comparison between the theoretical pre-
dictions and the MC measurements for spin correlation
parameters C and D in the di-leptonic and the lepton+jets
sample. The statistical error is written in italics, while
the systematic error is written in plain typeface.
Parameter Di-lepton Lepton+jets
C (theory) 0.42 0.21
C (MC) 0.40±0.02±0.02 0.21±0.01±0.04
Precision 8% 20%
D (theory) -0.29 -0.15
D (MC) -0.29±0.01±0.01 -0.15±0.006 ±0.02
Precision 5% 13%
the lepton+jets t ¯t channel allow to produce high purity
samples with large statistics in a short time period. The
experimental signature for top events — high energy
leptons and jets, b-jets, missing ET — involves most
parts of the ATLAS detector, so top samples can play
an important role in the calibration of the detector in the
initial phases.
Top analysis without b-tagging
The experimental signature for top events include one
or more b-jets, arising from the top decay. Thus, the b-
tagging performance of ATLAS has an important role for
top analyses. However, efficient b-tagging needs precise
alignment of the trackers of the Inner Detector, which
will be reached only after few months of data taking.
Will it be possible to perform top physics in the com-
missioning stage? A study has explored the possibility of
reconstructing top events in t ¯t production by assuming
the absence of b-tagging.
The kinematic cuts applied to select the top-enriched
sample require exeactly one isolated lepton with
pT >20 GeV and exactly four jets — reconstructed with a
cone algorithm of size ∆R=0.4 — with pT >40 GeV. The
analysis reconstructs exclusively the hadronic branch of
the t ¯t event: the combination of 3 out of 4 jets with the
highest vector pT sum is assumed to belong to the same
top (antitop) branch. The invariant mass of the 3-jets
combination is an estimate of the top mass.
The analysis was performed on a generated data sam-
ple which included the t ¯t signal plus a W+4jets back-
ground (leptonic decay of W with 4 extra light jets).
The invariant mass distribution (Figure 2) is fitted with a
gaussian curve — describing the top peak mass — plus a
polynomial curve — which accounts for the W+jets sig-
nal plus the combinatorial background. The fitted gaus-
sian curve peaks at 167.0 GeV, with a RMS of 12 GeV.
The generated sample corresponds to 150 pb−1, i.e.
a few days of data taking at initial luminosity. This
study shows that top reconstruction can be performed in
absence of b-tagging.
FIGURE 2. Invariant mass distribution of the 3-jets combi-
nantion with the highest vector pT sum. The full curve fits
the signal+background (W +jets and combinatorial), while the
lower distribution shows the contribution of W+jets only.
W calibration from top decays
In order to obtain a precise measurement of the mass
of the top quark, it is necessary to know the abso-
lute energy scale of hadronic jets. Miscalibrations can
arise from detector effects (dead channels, imprecise cell
weighing), physics effects (final state radiation, pile-up),
cone algorithms effects (out-of-cone energy, jet overlap).
The best method to achieve a reliable calibration is to use
the physics data to reconstruct particles of known prop-
erties. One of this techniques proposes to reconstruct the
hadronic W from the lepton+jets t ¯t sample. The kine-
matic cuts used to select the sample are the same as the
“commissioning top” cuts described in the previous sec-
tion. In addition, a quality cut is applied: the 4-vectors
of the fourth jet, the lepton and the EmissT are summed,
and the invariant mass is required to be in the range
140 GeV<M j4ℓν<200 GeV. With this set of cuts, the pu-
rity for W in the selected sample is ∼85%.
Since the mass of the W is known to a precision of a
few MeV, MW can be used to obtain calibration factors
for the energies of the jets originating from the decay of
the W . For the jets j1, j2 from the W decay, momentum
conservation implies:
M2W = 2E j1E j2 (1− cosθ j1 j2)
where E ji indicates the energy of jet i and θ j1 j2 indicates
the angle between the two jets. Thus, the mass measure-
ment is influenced both by the resolution on the jet en-
ergy scale and the angular measurement. To disentangle
the energy and the angular contributions, the invariant
mass of the two-jets system, the W nominal mass and
the kinematic properties of the jets are used as input in a
constrained χ2 fit:
χ2 =
(
m j j −MW
σMW
)2
+∑
i,X
[
Xi−α iEXi
σX
]2
where X = E,η ,φ . The result of the fitting procedure is
the correction factor αE , which is assumed to depend on
the jet energy E . By plotting αE versus the jet energy, a
correction function αE = f (E) is obtained. Applying the
correction factor allows to reconstruct the W mass with a
1% precision (Figure 3). To obtain such a precision level,
only 10000 t ¯t events are necessary — that means that the
calibration will be achieved within one or two months of
data taking. The calibration factors have been applied to
a Z+jets sample, allowing the same level of precision and
showing that the results of the calibration can be used for
other physics signatures involving light jets.
FIGURE 3. Ratio between the nominal and reconstructed W
mass, as a function of the uncalibrated W energy, before and
after the jet scale calibration.
REFERENCES
1. D.Chakraborty et al., Review of Top Quark Physics
Annu. Rev. Nucl. Part. Sci. 2003 63
2. I.Borjanovic´ et al., Investigation of top mass
measurements with the ATLAS detector at LHC,
SN-ATLAS-2004-040
3. F.Hubaut et al., ATLAS sensitivity to ttbar spin correlation,
ATL-PHYS-PUB-2005-001
4. S.R.Slabospitsky, L.Sonnenschein, TopReX generator
(version 3.25) Short Manual
Comput. Phys. Commun. 148 (2002), 87, hep-ph/0201292
5. T.Sjöstrand et al., PYTHIA 6.2: Physics and Manual,
LU-TP-01-21, hep-ph/0108264
6. E.Richter-Was et al., ATLFAST 2.0 a fast simulation
package for ATLAS, ATL-PHYS-98-131
